An important class of cytolytic antimicrobial peptides (AMPs) assumes an amphipathic, α-helical conformation that permits efficient interaction with biological membranes. Host defence peptides of this type are widespread in nature, and numerous synthetic model AMPs have been derived from these or designed de novo based on their characteristics. In this review we provide an overview of the 'sequence template' approach which we have used to design potent artificial helical AMPs, to guide structure-activity relationship studies aimed at their optimization, and to help identify novel natural AMP sequences. Combining this approach with the rational use of natural and non-proteinogenic amino acid building blocks has allowed us to probe the individual effects on the peptides' activity of structural and physico-chemical parameters such as the size, propensity for helical structuring, amphipathic hydrophobicity, cationicity, and hydrophobic or polar sector characteristics. These studies furthermore provided useful insights into alternative modes of action for natural membrane-active helical peptides.
Introduction
The interactions of peptides with membranes are essential to many processes of physiological or pathological relevance, such as the effects of hormones, toxins and the host defence peptides (HDPs) of innate immunity [1] [2] [3] . Understanding the mode of action of such peptides can help to improve design strategies for the development of therapeutic agents, ranging from immunotoxins and antitumour drugs to anti-infective agents capable of overcoming the currently serious problem of resistance to conventional antibiotics [4] [5] [6] . The activity of many antimicrobial peptides (AMPs) depends principally on membrane permeabilization or lysis, and several mechanisms of action have been proposed, ranging from the formation of highly organized transmembrane pores, to that of the more dynamic supramolecular peptide/lipid complexes leading to toroidal pores, or to membrane damage via a relatively disorganized, detergent-like disaggregation due to hydrophobic and/or electrostatic interactions with the membrane surface [7] [8] [9] [10] [11] . However, the molecular details underlying these processes, which have important implications for the selectivity of the peptides' membranolytic action, are only just starting to be understood.
One important class of membrane-interacting AMPs assumes an amphipathic, α-helical conformation that permits insertion of a well defined hydrophobic sector into the lipid bilayer [8] . They represent one of the most successful designs in nature, being produced by all types of organisms from bacteria to mammals, and they are very numerous (see the antimicrobial sequence database AMSDb at http://www.bbcm. units.it/~tossi/antimic.html). Unlike other types of AMPs, such as disulphide-containing defensins and bacteriocins, this type of small linear peptides are relatively easy to synthesize chemically, and their structuring can be followed by simple spectroscopic techniques, so their mode of action has been most extensively studied. Data generated by different studies is however sometimes conflicting. This is partly due to the fact that biophysical studies and antimicrobial activity assays have been performed by different groups under quite different conditions, and partly because several different physicochemical attributes interact quite subtly to modulate the peptides' activities.
In this review, we describe an approach for designing helical AMPs that is based on the identification of common sequence patterns in numerous natural host defence peptides. We have used this approach to design several series of peptides in which we have rationally and independently varied single structural or physico-chemical parameters, and have then used standardized assay conditions to determine their antimicrobial and membranolytic activities, thus allowing for firmer conclusions on their mode of action.
Structure-activity relationship studies on model AMPs

Methods used to design and characterize AMPs
SAR studies on α-helical antimicrobial peptides have mainly involved the systematic modification of naturally occurring HDPs or the de novo design of simple model antimicrobial peptides (AMPs) predicted to form amphipathic α-helices [8] .
The ultimate aim for most of these studies was to obtain molecules with increased antimicrobial activity accompanied by decreased toxicity toward host cells, in view of potential therapeutic applications. Structuring of the peptides was most often studied by CD spectroscopy in the presence of trifluoroethanol (TFE) or SDS micelles [12] , or by CD, NMR or attenuated total reflection FTIR in the presence of phospholipid vesicles [13] [14] [15] [16] . Antimicrobial activity was generally defined in vitro as the minimum inhibitory concentration (MIC), using either microbroth serial dilution or radial diffusion assays. These were sometimes supplemented by microbial killing and/or membrane permeabilization kinetics studies [17, 18] . Alternatively, several biophysical methods have been used to probe the interactions of AMPs with model phospholipid membranes [9, [19] [20] [21] [22] [23] [24] [25] . Host toxicity has generally been evaluated simply as haemolytic activity, although the susceptibility of erythrocytes to these AMPs is not necessarily extendable to other host cells, and can vary markedly with erythrocytes from different mammalian species.
Four general approaches have been used to design new
AMPs and guide SAR studies [8] 2.1.1.1. Sequence modification. Naturally occurring helical HDPs were modified by deleting, adding, or replacing one or more residues, or by truncating the peptides at the N-or Ctermini, or by assembling chimeric peptides from segments of different natural peptides. This type of modification has been extensively applied to study insect cecropins, magainin and other frog peptides, bee venom melittin and mammalian cathelicidins in particular [8, [26] [27] [28] [29] .
2.1.1.2. Minimalist approaches. AMPs are designed de novo based purely on the requirement for an amphipathic α-helical structure, limiting the types of residues used to one or the other of the basic amino acids lysine or arginine, and one or two of the hydrophobic residues alanine, leucine/isoleucine, phenylalanine, or tryptophan. This can result in potent antimicrobial agents, but ignores sequence attributes selected for by evolution, which can lead to increased cytotoxicity.
Combinatorial libraries.
Synthetic or biological combinatorial libraries are powerful tools for rapidly obtaining optimized classes of active compounds. Regarding chemical synthesis methods, the size of α-helical AMPs (generally over 12-15 residues) makes positional scanning or iterative approaches unpractical, unless the variance implicit in the combinatorial approach is reduced. This can be accomplished by limiting the number of amino acid types used to construct the library (converging with the minimalist approach), or by scanning only certain positions in natural peptides (converging with the sequence modification methods) [30, 31] . Biological libraries can make use of the phage-display technology [32] , or of methods such as the "Suicide Expression System" (SES), which involves directed mutation of AMP genes transfected into bacterial expression systems [33] .
2.1.1. 4 . The template-assisted approach. Sequence templates can be obtained by comparing structurally homologous stretches from a large collection of naturally occurring HDPs Fig. 1 . Sequence template and information derived from the analysis of residue distribution in the N-terminal stretch of α-helical AMPs from natural sources, aligned starting from the N-terminus. (A) Positional frequency of residue types plotted on a helical wheel diagram; (B) Sequence template derived from this analysis: Hfb and Hfl, respectively, indicate a preference for hydrophobic or hydrophilic residues [further defined as cationic (+), anionic (−) or neutral polar (0)]; Xaa indicates that no residue type predominates. The types of residues considered for each position in peptide construction are indicated below the template. Zaa indicates hydrophobic nonproteinogenic Nle, Nva or Abu, αaa indicates α-branched Aib, Acp, Deg or Dpg, Oaa indicates hydrophilic non-proteinogenic Orn, Dab, Dap or Hse, underlined amino acids are D-isomers. (C-E) Range and frequency, in naturally occurring α-helical AMPs, of (C) the net cationicity; (D) the hydrophobic residue composition and (E) the relative amphipathicity. The first two parameters were determined for the full sequences, while the latter for the 20 residue N-terminal helical stretch.
and abstracting conserved patterns in terms of residue type (e.g. charged, polar, hydrophobic, etc.) [8, 34, 35] . These can then be used to design AMPs de novo. The rationale is not to determine significant sequence homologies or the positional conservation of specific amino acids (which is in any case poor α-helical AMPs [8] ) but rather to identify underlying patterns in the distribution of different types of residues, and in the variation of physico-chemical parameters, which may be correlated to potency and specificity. Using the template as a guide significantly reduces the number of variants that need to be synthesized in order to obtain useful results, with respect to the conventional "sequence modification" approach, while maintaining evolutionarily conserved sequence patterns that are lost in the "minimalist" approach. Furthermore, this approach can help guide both synthetic and biological library construction.
In the following sections we provide a detailed overview of how the template-assisted approach has been used to both design or identify novel peptides with a broad-spectrum antimicrobial activity, and to probe the structural factors that influence their antimicrobial potency and selectivity.
Parameters influencing AMP activity
The type of AMP we are considering in this review assumes an amphipathic, helical structure in the presence of microbial membranes, in which polar/charged residues are segregated on one side of the helix (the polar sector) and hydrophobic residues are segregated on the other side (the hydrophobic sector). The peptides can then interact with the membrane by inserting the hydrophobic sector into the lipid bilayer, subsequently leading to fatal lesions. Several structural and physico-chemical parameters can influence their potency and spectrum of activity. These include i) the size; ii) residue arrangement; iii) the propensity for helical structuring; iv) the charge (cationicity); v) the global hydrophobicity; vi) the amphipathicity; vii) the angle subtended by each sector on a wheel projection and viii) the sector depths, which are determined by the size of side-chains in the residues that form them [8, 36, 37] . These parameters are intimately related, so that modifications aimed at altering one can result in significant changes to one or more of the others. Understanding and controlling these interrelationships is the key to designing novel peptides with increased potency and more directed activity. The comparative analysis of natural HDP sequences, apart from allowing the definition of conserved residue patterns or features that are important for activity and which can be incorporated into the design of novel AMPs, can also help to define critical value ranges for some of these parameters (see Fig. 1C -E).
Our laboratory originally developed and used the sequence template concept to guide the design of potent, broad-spectrum AMPs [34, 35] . Subsequently it was used to guide rational sequence modifications that resulted in the systematic variation of the abovementioned parameters, independently from each other, so as to test their individual role in modulating the potency and selectivity [8, [38] [39] [40] . The approach could also be used to guide database searches so as to identify novel potential antimicrobial peptides [41] . Finally, the possibility of generating simplified model peptides with defined structural and physico-chemical characteristics was quite useful in explaining the behaviour of natural HDPs, and how this changes with their evolution in different species [42] .
There follows an overview of our analyses of the structural and physico-chemical characteristics of α-helical AMPs and of the SAR studies that have been carried out to determine the relevance of the different parameters that define the potency and selectivity of AMPs.
Sequence analyses
The sequences of over 150 natural antimicrobial peptides, ranging from 16 to 44 amino acid residues in length, produced by several vertebrate and invertebrate animal species, were compared and analyzed [8, 34] . Despite a considerable variation in their architecture, all these peptides present an N-terminal α-helical domain that is essential, and often sufficient, for antimicrobial activity [27, 28, 43, 44] . Given the wide range in peptide size, the analysis was thus limited to the first 20 residues in each sequence, ensuring that the N-terminal domain was adequately covered, resulting in a template which is a reasonable basis for the design of short helical AMPs. In any large series of aligned sequences, a random distribution of amino acids at any position would result in roughly a 5% frequency for each type of amino acid. A frequency significantly above or below this value thus indicates a preference or antipathy at that position for any given amino acid, which may have been selected for by evolution, and thus be related to the peptide's function.
Positional residue conservation in the aligned AMP sequence stretches was in fact found to be relatively poor, excepting positions 1 (>70% Gly) and 8 (>50% Lys). A definite pattern however emerged when considering the positional conservation of residue types (Fig. 1A) . The resulting sequence template (Fig. 1B) defines the sequence pattern for a typical α-helical AMP, in terms of charged, neutral polar or hydrophobic residues, while allowing a considerable freedom in the individual amino acids that can be used to construct the peptide, and consequently on properties such as cationicity, mean hydrophobicity and amphipathicity. An analysis of how these parameters vary among the natural sequences is shown in Fig. 1C -E, indicating that the majority of natural peptides have a net charge ranging from +4 to +9, a 40-60% content of hydrophobic residues (corresponding to a hydrophobic sector that subtends from 140°to 200°on a helical wheel projection) and a relative amphipathicity ranging 50-60% optimal.
To carry out these analyses we have developed a consensus hydrophobicity scale ad hoc, which includes non-proteinogenic amino acids [45] and appropriate analysis software (http://www. bbcm.units.it/∼tossi/antimic.html), allowing quantitative estimates of per residue hydrophobicity and amphipathicity. We prefer to express the latter parameter as relative to its maximum possible value in an 18 residue, perfectly amphipathic peptide to facilitate comparison. Helix structuring propensity is instead estimated by comparing the molar ellipticity of peptides at 222 nm in phosphate buffer and in the presence of helix favouring trifluoroethanol (50%) and/or SDS micelles (10 mM).
Peptide design using the sequence template
Over 50 different synthetic α-helical AMPs have been designed by filling the sequence template with proteinogenic or non-proteinogenic residues whose side-chain characteristics were rationally selected to systematically and independently vary the helix forming propensity, the cationicity, the amphipathicity, the global hydrophobicity and the hydrophobic Fig. 2 . Helical wheel projection of some selected peptides. Residue side-chain structures are shown schematically with atoms as circles (white for carbon, grey for oxygen and black for nitrogen). The hydrophobic face is shaded, while the depth of the polar sector is indicatively shown by a dotted frame.
and polar sector depths [8, 34, 35, [38] [39] [40] . In these studies, we generally fixed the size of the AMPs to 19 residues, which is amply sufficient for activity, including a C-terminal tyrosine to aid more accurate quantification. Peptide nomenclature P19(x| N) reflects this length, provides the charge (x) and indicates key features or residues used in peptide construction (N).
The types of residues contemplated for each position are indicated below the template in Fig. 1B , and the types of modifications that were effected are summarized in Table 1 . Interchanging Orn, Glu and Gln residues in positions defined as hydrophilic allowed to vary the cationicity from +1 to +9 without markedly affecting other parameters, as these residues have a similar size and hydrophobicity index. Interchanging them with the aliphatic residue Nle, of the same size, allowed to modulate only amphipathicity. Interchanging alanine, aminobutyric acid (Abu), norvaline (Nva) and norleucine (Nle) residues in positions defined as hydrophobic allowed the variation of linear aliphatic side-chain lengths from one to four carbon atoms, affecting the depth and hydrophobicity of the hydrophobic sector. Similarly, interchanging lysine, ornithine (Orn), diaminobutyric acid (Dab) and diaminopropionic acid (Dap), or glutamine, asparagine, homoserine (Hse) and serine residues in positions defined as hydrophilic allowed the variation of linear cationic or neutral polar side-chain lengths, affecting the depth of the polar sector. The small branched 2-aminoisobutyric acid (Aib) and cyclic side-chain aminocyclopentanecarboxylic acid (Acp) were used to stabilize the helical conformation [46] . Conversely, proline or D-enantiomers of ornithine and norleucine were used to destabilize the helix. Some examples of peptides designed using these criteria are furnished in Fig. 2 , which shows a schematic representation of residue side-chains. In this manner, the designed peptides were based on a scaffold which reflects structural elements selected for by evolution in many different organisms, while the precise sequence has been rationally adapted to probe the functional role of specific aspects of the molecules' shape, physical properties and conformational stability. Peptides directly derived from the template with charge +5 and +6 [see P19(5), P19(6), and P19(6|E) in Fig. 2 and Table 2 ] were found to assume a well defined helical conformation in 50% trifluoroethanol or 10 mM SDS, and to have quite a potent and broadrange antimicrobial activity, including multi-drug resistant pathogenic bacterial strains and some yeasts, confirming the validity of our method [38] . Some bacterial species were not susceptible (e.g. B. cepacia, P. mirabilis), but these are known to be intrinsically resistant to the action of AMPs in general.
Role of charge (cationicity) in modulating activity of model peptides
Based on the lead sequences directly obtained from the template, a set of peptides was designed to probe the effect of overall cationicity (Table 2) . This parameter is clearly important, as the initial interaction of AMPs with the anionic microbial surface is generally considered to be an electrostatic one. Decreasing the charge to +3 or less considerably reduced potency, and as these peptides had similar mean hydrophobicities, relative amphipathicities and helix forming propensities to the parent peptides, this activity variation depended solely on altering the charge. Conversely, increasing the charge up to +9 resulted in a gradual increase in activity. In this case, however, the higher charge density of the polar sector started to affect the propensity for helix formation at charge +8, which is reflected in a reduced spectrum of activity [38] . Introduction of Aib in key hydrophobic positions to stabilize the structure overcame this problem and resulted in peptides (e.g. P19(9|B), see Fig. 2 ) which, despite a charge of +9, showed a potent activity towards most tested bacteria, yeasts and fungi. In general, it also resulted in an increased ability to lyse erythrocytes.
The effect of charge on activity was confirmed by the addition of charged residues to the N-terminus of selected peptides. When two ornithine residues were added to an inactive peptide of charge +1, it led to an increased potency and spectrum of activity analogous to that of a +3 charged 19-mer, and similarly for the +3 charged peptide with respect to the one with charge +5. Conversely, addition of two glutamic acid residues to the +5 charged peptide resulted in a reduction of potency and spectrum of activity to levels similar to those of the +3 charged 19-mer. This indicates that activity depends on the overall cationicity and not necessarily on the positioning of basic residues throughout the helical domain. Taking the charge to +11 did not further improve activity with respect to parent peptides with charge of +9, indicating that this may be an optimal maximum charge.
Roles of amphipathicity and global hydrophobicity in determining activity
An amphipathic residue arrangement is amply recognized as being important for the activity of α-helical AMPs [47] [48] [49] . The ability to structure as an α-helix, without this arrangement, is not sufficient to provide a potent, broad-range antimicrobial activity, as demonstrated by a scrambled peptide [see (P19(6|s) in Table 2 , Fig. 2] . This peptide has an identical residue composition, charge and hydrophobicity and similar helix forming propensity in 50% TFE as the lead peptide [P19(6|E)], but its spectrum of activity was effectively restricted to a two tested Gram-negative species (E. coli ML-35 and P. aeruginosa ATCC 27853, see Table 2 ). It does not structure as a helix in the presence of SDS micelles ( Table 2 ), indicating that either it cannot interact strongly with a lipid environment or does so by assuming a non-helical conformation.
A series of peptides was designed with a constant charge and amphipathic residue arrangement, but a mean hydrophobicity which varied significantly due to different contents of Nle, Aib or Abu residues, having aliphatic side-chains of different length and hydrophobicity. While a moderate decrease in hydrophobicity was well tolerated with little variation in MIC values, the absence of large aliphatic residues completely abolished biological activity [compare P19(5) with P19(5|B) and P19(5| Abu), Fig. 2 , Table 2 ] [38, 39] . The shallow hydrophobic sector may be unable to insert sufficiently into biological membranes so as to kill microorganisms.
Propensity for helical structuring modulates both antimicrobial and cytotoxic activities
Helical structuring is required for AMPs to assume an amphipathic structure presenting a well defined hydrophobic sector for membrane insertion. Stabilizing the helical conformation of peptides should thus aid antimicrobial potency.
However, introducing helix stabilizing factors into lead peptides that already had a good propensity for helix formation appeared to have a relatively moderate effect on antimicrobial potency, at least in terms of the MIC values [compare P19(5) and P19(5|B) in Table 2 ]. Conversely, reducing the propensity for helix formation, by introducing proline residues at key position (Table 2) , considerably decreased potency and effectively narrowed the activity spectrum to a subset of the Gramnegative species tested, in line with similar studies carried out on natural AMPs [27] . A similar effect was also observed after introduction of six D-amino acid replacements, which also inhibit helix formation [50] without in any way affecting other properties such as hydrophobicity.
We have come to the conclusion that the propensity for helix formation affects the cytotoxicity of peptides towards host cells more than antimicrobial activity. Our results are in agreement with those of Shai and coworkers [51] , who found that destructured diastereomeric peptides can have selectively useful antimicrobial activities with drastically reduced cytotoxicity. Even without introducing D-amino acids, we found that peptides such as P19 (8) , that are less prone to structure due to an excessive charge density in the polar sector, maintain a moderate antimicrobial activity with a significantly decreased toxicity [52] . Stabilizing the structure by introducing Aib residues as in P19(9|B) resulted in a considerably more potent but also more cytotoxic peptide. Curiously, its all-D enantiomer, which forms a left-handed helix that is otherwise identical in physico-chemical properties, had an entirely analogous spectrum of antimicrobial activity as the all-L peptide (see Table 2 ), but a significantly lower cytotoxicity [52] . The reason for this remains unexplained.
We have been able to design a peptide, P19(5|Acp) (see Fig.  2 ), in which the presence of this α-branched residue stabilized the helical conformation to the extent that it was already significantly structured in aqueous solution, in the absence of membranes or SDS. This peptide was extremely cytotoxic, confirming the role of helical structuring in modulating this effect, although it seemed to act via a different mechanism on host cells than peptides such as P19(9|B), that only structure in an anisotropic environment (see below).
The role of hydrophobic and polar sector depths in modulating membrane interaction and activity
Helical structuring and hydrophobic face properties, and their respective roles in determining membrane interaction, are intimately related. Helix formation permits an optimal spatial arrangement (sector formation) of aliphatic side-chains for membrane insertion. The interaction of these side-chains with the lipid layer in turn stabilizes the helical conformation, promoting intra-chain H-bonding and reducing main-chain hydrophobicity, thus allowing a deeper insertion of the whole molecule into the bilayer. To probe this interrelationship, a set of peptides was designed in which the depth of the hydrophobic face was systematically varied, while keeping the polar sector fixed, by reducing aliphatic side-chain size stepwise from 4 to 1 carbon atoms [39] . In a second set, a longitudinal hydrophobicity gradient was introduced by systematically decreasing aliphatic residue side-chain sizes along the helical axis, in either the N-to C-or the C-to N-terminal directions. In a third set, the length of side-chains for residues in the polar sector was varied while keeping the hydrophobic sector constant, to determine how this affected the activity of peptides insertion via the so called 'snorkel' effect [53] . This proposes that the depth to which the main-chain sinks into the lipid bilayer is determined by the length of polar residue side-chains facing away from it, considering that these are really aliphatic chains with a polar head.
In all these peptides, other parameters such as size, charge, polar/hydrophobic residue ratio and angle subtended by hydrophobic and polar sectors [54, 55] , were kept constant. The propensity of the peptides to assume a helical structure in the presence of SDS micelles depended markedly on the depth of the hydrophobic sector. A shallow hydrophobic face correlated with a reduced helix forming propensity and this was also the case for the peptides with a depth gradient, i.e. where one or other of the extremities was shallow. This suggests that the entire hydrophobic sector needs to interact with the lipid layer in order to stabilize helical structuring.
A clear correlation was observed between RP-HPLC retention times and both the hydrophobic and polar face depths. As the C 18 layer is a simple model for the membrane lipid environment [56] , this confirms the importance of hydrophobic interactions in mediating insertion into lipid layer, and also that a deeper penetration of the molecule into this layer is in fact allowed by the snorkel effect.
The structural variations described above had a marked effect on the in vitro antimicrobial potency, in terms of MIC. A homogeneously shallow hydrophobic face (aliphatic sidechains of 2 carbon atoms or less) effectively knocked out activity against all tested microbial strains ( Table 2) . The presence of a depth gradient, where only one end of this face is shallow, also considerably reduced potency and restricted the spectrum of activity [39] . A limited number of short aliphatic side-chain residues (3 out of 8) was instead well tolerated, as long as these were spread throughout the length of the helix, and especially if they served to stabilize the helical structure. Polar sector characteristics also had a discernible, albeit less marked, effect on the antimicrobial potency, supporting a role for the snorkel effect in the microbial inactivation mechanism. Furthermore, low MIC values correlated with faster killing kinetics (indicating a bactericidal effect) and an increased capacity to permeabilize the cytoplasmic membranes of selected microorganisms, as monitored via the o-nitrophenyl-β-Dgalactopyranoside colorimetric assay [39] . This is good evidence that the microbial membrane is a principal target in the killing action of the peptides.
Cytotoxicity on host cells
A simple indication of the selectivity of AMPs for microbial cells is furnished by their haemolytic activity (Table 2 ). For our model peptides it follows a similar trend as the antimicrobial activity, consistent with a membranolytic mechanism on both types of cells, but generally remains quite moderate up to 10 μM, a concentration well above the MIC values of the more potent peptides. Erythrocyte membrane disruption is affected by both the hydrophobic face depth and the snorkel effect, and the presence of an oblique hydrophobicity gradient also seems to favour haemolytic activity, in contrast with the antimicrobial activity [39] . Haemolysis is clearly correlated with the conformational stability [as measured by the degree of helical structuring in TFE, compare P19(8) and P19(9|B) in Table 2, for  example] .
Excessive stabilization of the helix can in fact be doubly counterproductive. The exceptional conformational stability of P19(5|Acp), due to the presence of Acp residues, made it extremely cytotoxic, whereas its antimicrobial potency was disappointing. Structuring in bulk solution promotes aggregation and interaction with other molecules in its environment that can segregate it, so that the antimicrobial activity is markedly dependent on medium conditions. Other workers have also observed a correlation between an increased ability to selfassociate in solution, a weaker antimicrobial activity and a stronger haemolytic activity [15, 48] .
Cytotoxicity was probed by monitoring the permeabilization of mouse lymphocytes to propidium iodide, via flow cytometry (Fig. 3) [39, 52] . In the absence of peptides, a homogeneous population of non-fluorescing, undamaged cells dominates. In the presence of AMPs a second population of damaged and propidium iodide permeable cells (high fluorescence, decreased forward scattering) appears, whose intensity depends both on the peptides' physico-chemical properties and concentration [compare P19 (8) , P19(5) and P19(5|Gln-Lys) in Fig. 3 ]. SEM scans of lymphocytes treated under the same conditions indicate a likely necrotic inactivation of cells via this membrane damage [52] . The correlation between the degree of helical structuring in TFE and membrane permeabilization was thus confirmed, but in addition we found that P19(5|Acp), which has a stable helical conformation already in bulk solution, seemed to act via a different mechanism. Massive permeabilization to propidium iodide was accompanied by increased side scatter rather than forward scatter as with the other peptides, indicating a more granular morphology, which was confirmed by SEM [39] . As the potent haemolytic activity of this peptide was reminiscent of that of the α-helical bee venom toxin melittin, this was also tested under the same conditions (Fig. 3) , with an intermediate result, both decreased-FS and increased-SS populations being observed in this case.
Different functional types of α-helical AMPs
Our observations suggest two distinct types of helical AMPs with different modes of action. The first, which we term "canonical" helical AMPs, has a moderate propensity for helix formation that derives from their amphipathic residue arrangement, and only structures at the membrane surface, being present in a free, unstructured form (F-form) in bulk solution (see Fig. 4 ). These AMPs tend to be bacteria selective and generally display a salt and medium independent antimicrobial activity. Interaction with, and insertion into the membrane (Mform) requires an adequate balance of cationicity and amphipathic hydrophobicity in particular, and depends on both hydrophobic and polar sector depths ('snorkel' effect). The second type of AMP is conformationally stabilized in some manner (e.g. by the presence of specific residues such as Acp, covalent bridges in the polar sector [57] , or of salt-bridging pairs of basic and acidic residues in the polar sector, such as in LL-37 [58] ). These peptides display a salt-dependent structuring in bulk solution and are aggregation-prone to mask the so-formed Fig. 3 . Three-dimensional flow cytometric contour-plot analysis of mouse lymphocytes treated with selected model peptides and the bee toxin melittin. FS (y-axis) is an indicator of size and SS (90°scattering, SS LOG , x-axis) is an indicator of granularity. The z-axis represents the cellular population intensity. Cells were exposed to 10 μM peptide in PBS (except P19(8) which is 16 μM).
hydrophobic faces (A-form, Fig. 4) . They seem to interact strongly with other molecules in their environment, which segregate them (S-form), so that their antimicrobial activities are highly dependent on medium conditions. This type of AMP appears to have a different mechanism of interaction with host cells than the canonical type AMPs, increasing their cytotoxicity, whereas it is not yet clear if they interact differently with bacterial membranes.
In this respect, the behaviour of our model peptides belonging to the two groups can be used to interpret the behaviour of natural peptides. For example, peptides like P19(5) and its variants can be considered to be simplified analogues of canonical α-helical AMPs such as the much studied amphibian magainin [2, 7, 9, 21, 59] , which has similar size (22 residues) and charge (+5) and biological properties. P19(5|Acp) instead behaves more like the bee toxin melittin [2, 25, [60] [61] [62] , or the human cathelicidin LL-37. Indeed, LL-37, like P19(5|Acp), has a tendency to structure and aggregate in bulk solution under certain conditions [58] , is quite cytotoxic [15] , and its cytotoxicity and antimicrobial activities are quite medium sensitive [63] . We have furthermore found that these two peptides behave similarly in flow cytometric studies on Tlymphocytes [42] .
Size
A reasonable potency and spectrum of activity has been observed with model α-helical AMPs as short as 12 residues [8, 64] . We have reduced the size of P19(9|B) by deleting either N-or C-terminal positions in the template stepwise (Table 3 ) [38] . This resulted in a gradual reduction of activity, especially towards Gram-positive species, so that it was effectively Fig. 4 . Schematic representation of alternative structural forms for α-helical AMPs. Most peptides are unstructured in bulk solution (free or F-form). Some peptides are in salt-dependent equilibrium between the F-form and a structured, aggregated form (A-form). These peptides also tend to bind avidly to medium components, which segregate them and reduce activity (S-form). Both types of peptides interact with, and insert into biological membranes surface (M-form). The depth of insertion then depends on the characteristics of the hydrophobic sector and of the polar sector (snorkel effect). The subsequent inactivation mechanisms can then involve formation of toriodal pores, aggregate channels or micellization via a detergent-like effect. It could also involve translocation of peptides to the cytoplasmic side of the membrane, and/or their interaction with wall-associated enzymes (secondary effects).
abolished at 14 residues, even though the shortened peptides structured adequately and had a sufficient charge. Limiting the size simply resulted in an insufficient number of large aliphatic residues for significant interaction to occur with microbial membranes. Reconstituting the hydrophobic sector by replacing one or two polar residues and one Aib with Nle in fact resulted in a dramatic improvement in potency, which became comparable to that of larger peptides of equivalent charge, against both bacterial and fungal species. In the design of shortened peptides, it is thus important to balance a sufficiently high charge (large polar sector) and adequate helix forming propensity (e.g. small Aib residues) with the presence of a sufficient number of large aliphatic residues to ensure an adequate hydrophobicity sector. It may be significant, in this respect, that several studies aimed at defining short AMPs made use of Phe and Trp residues in the hydrophobic sector [65] , although this may increase cytotoxicity.
Refining peptide design: rational use of minimal amino acid substitutions
Our experience with numerous natural peptides [27, 44, 66, 67] , as well as with the rationally designed α-helical AMPs described above [8, 34, 35, 38, 52] has taught us that quite subtle changes in the peptides' physico-chemical properties can have a marked effect on biological activity, modulating both potency, spectrum of activity and selectivity. In a recent study we have demonstrated that the rational use of minimal amino acid substitutions can improve the biological properties, and in particular the selectivity (in terms of a reduced cytotoxicity) [40] .
As the propensity for helical structuring in particular correlates with cytotoxicity [52] , we felt that it could be a key parameter in tuning selectivity. This could be effected by introducing residues capable of locally increasing the flexibility of the helix (e.g. Gly, β-alanine, statine analogues), or disrupting the helical conformation (e.g. Pro, D-Nle) at key positions. We had noticed that positions 7 and/or 14 often presented the small, flexible residue glycine with a significant frequency (∼30%) in natural peptides [8] , and both in vitro and in vivo toxicity studies on model peptides had indicated that its presence could in fact affect the cytotoxicity on host cells [38, 52] . We thus prepared a series of peptides with systematic variation only of residue 7 in the potent but cytotoxic peptide P19(9|B).
The small, flexible residues Gly or β-Ala did not greatly reduce the propensity for structuring in the presence of TFE or SDS, but substantially decreased the cytotoxic activity while not affecting antimicrobial potency. More marked destructuring, by introducing proline, somewhat reduced antimicrobial potency towards some bacteria (e.g. S. aureus), but it maintained a reasonable activity towards others with exceptionally low haemolytic activity. The use of D-Nle to destructure the peptide, or phenylstatine to increase flexibility, was instead unsuccessful, as it simultaneously increased hydrophobicity, leading to increased cytotoxicity.
When P19(9|B) was converted to the closest proteinogenic analogue, P19(9|Ala 7 ) (Table 3 ), in view of bioproduction requirements, a global slight decrease in hydrophobicity contributed to improve its potency/selectivity balance. Insertion of Gly at position 7 then improved it further [40] . Curiously, insertion of Gly at position 14, with or without Gly at position 7, had a significantly more marked effect on structuring, and while obtaining a lowered cytotoxicity, also considerably decreased the antimicrobial potency.
In this study we thus showed that i) modification of the hydrophobicity and degree of structuring both affected the balance between antimicrobial potency and cytotoxicity, and that this applied also to single residue modification; ii) positions 7 and 14 in short α-helical peptides are key sites in determining 
Identification of new peptide sequences in protein database
Apart from being useful in guiding the design of AMPs for SAR studies, sequence templates can also be used for searching databases for new sequences with potential antimicrobial activity [41] . Our helical template was used to prepare sequence patterns to scan the Swiss-Prot Database, using the ScanProsite tool. In this manner, we identified a segment in pilosulin 1, a 56 residue cytotoxic peptide from the venom of the jumper ant Myrmecia pilosula, which complied closely to the template (Table 3) . This segment, corresponding to the 20 N-terminal residues, was synthesized and showed a potent and broad spectrum antimicrobial activity, including standard and multi-drug resistant Gram-positive and Gramnegative bacteria and C. albicans, confirming the validity of the search method (Table 2) . Four amino acid substitutions were then affected to further increase compliance of the sequence to the template, and to take into account the design criteria described above. This yielded a variant with improved antibacterial and significantly reduced haemolytic activity (Table 2 ).
Concluding remarks and future directions
The work described in this review is but a small part of the enormous effort that has been expended by many groups towards understanding the mode of action of helical antimicrobial peptides, and in particular the functional consequences of their interactions with biological membranes. Our studies indicate that the physical interaction of α-helical AMPs with membranes, as proposed by the various mechanisms that can be included in the carpet model, remains a principal factor leading to cellular inactivation. This is confirmed by the fact that we could observe a good correlation between the behaviour of peptides in simple model systems such as structuring in the presence of SDS micelles or retention times in the C 18 phase, with bacterial permeabilization and killing activities. In particular, the rational design of peptides with varying hydrophobic and polar face depths would seem to indicate that these peptides need to float with their whole length deeply inserted into the lipid layer, and that the snorkel effect plays a significant role in membrane interaction. This applies to both bacterial and host cells, but in the latter case we could distinguish distinct mechanisms depending on the conformational stability of the peptides. This seemed to be a key parameter in modulating cytotoxicity towards host cells, together with hydrophobicity, and could be used to tune selectivity also at the level of single residue variations. The fact that the membrane appears to be the principal target for our AMPs does not however exclude that other mechanisms involving the bacterial cell wall and membrane (such as activation of autolytic enzymes in bacteria [68] , or of endogenous phospholipases in host cells [69] ), or involving interactions with internal targets once the membrane is breached, could have important accessory roles.
Future studies need to take a wider view, better accounting for this complexity. They should account for interactions with other components of the cell wall which the peptides may meet on their way to the membrane, as well as interactions with proteic components of the membrane itself and cytoplasmic entities the AMPs may come into contact with on translocating through it. All these points of interaction reflect in a multimodal offensive action by the AMPs, which broadens their antimicrobial activity spectrum. These studies will thus need to provide better resolution snapshots of each stage in the sequence -approach; membrane insertion; docking to membrane-associated targets; intra-membrane assembly and channel formation; translocation; cytoplasmic target docking. A winning strategy may be the combined use of specific biophysical and biochemical methods. Several spectroscopic techniques can be used to obtain structural definition of the peptides at different levels of resolution (NMR, ATR-FTIR, CD, neutron scattering and atomic force spectroscopy) in the presence of well defined model systems (isolated cell wall components, liposomes, LUVs, etc.). Peptide-linked environment probes, surface plasmon resonance, fluorescent dye release from liposomes and electrical measurements of membrane conductance and capacitance, used in model systems, can provide insight into insertion, assembly and permeabilization events. Flow cytometric methods, confocal and electron microscopies and the use of membrane integrity and polarization probes can instead all be used to follow the effect of AMPs on whole cells. The integrated analysis of the data flow from real and model system will then need to consider both points of convergence and divergence to provide a clearer picture of peptides' action sequence.
Much useful information can also come from evolutionary studies. AMPs are at the interface between the host and its microbial biota and may thus be subject to positive selection for variation to cope with changes in environment and living habits. We have undertaken a systematic study of variations in AMP families from several closely related primate species, including man [70] . Most recently we have undertaken a fascinating study of positively selected variations in homologues of the human helical peptide LL-37 [42] . We could observe how evolution has favoured alterations in the charge while little affecting the overall amphipathic structure, alternatively selecting for the different action modes we had observed in model peptides, and possibly predisposing these peptides for different functions in host defence.
We hope that the considerations presented in this review will be useful to better understand the behaviour of natural α-helical antimicrobial peptides and toxins, and furnish a framework for the design of synthetic AMPs with optimized activity/selectivity profiles for possible biomedical applications. 
